Abstract: We consider scenarios of Higgs compositeness where the Higgs doublet arises as a pseudo-Nambu Goldstone boson. Our focus is the physical scalar ("radial") excitation associated with the global symmetry breaking vacuum, which we call the global Higgs. For the minimal case of a SO(5)/SO(4) coset, the couplings of the global Higgs to Standard Model (SM) particles are fully determined by group theoretical factors and two decay constants. The global Higgs also couples to the composite resonances of the theory, inducing an interaction with the SM gauge bosons at one-loop. We thoroughly analyze representative fermionic sectors, considering a global Higgs both in the 5 and 14 representations of SO (5) and taking into account the renormalization group evolution of couplings in the composite sector. We derive the one-loop effective couplings and all decays of the global Higgs, showing that its decay width over mass can range from O(10 −3 ) to O(1). Because of the multiplicity of the resonances, the coupling of the global Higgs to gluons is sizeable, potentially opening a new window into composite models at the LHC.
Introduction
It is by now established with a high degree of significance that the 125 GeV resonance discovered at the LHC in July 2012 is an excitation of the broken electroweak vacuum. This discovery sheds light on the nature of electroweak symmetry breaking (EWSB), and is consistent with an elementary Higgs doublet as posed in the Standard Model of Particle Physics (SM). Now that it is clear that a scalar field is present at the TeV scale, it becomes more urgent to understand why the scale of electroweak breaking is so small compared to ultraviolet (UV) scales such as the Planck mass, M Pl . A first approach to tackle this hierarchy problem is to assume that new particles appear near the electroweak scale in order to cancel the huge O(M 2 Pl ) corrections that tend to destabilize the weak scale. A second possibility is to assume that this scalar field exists only at low energies, as a bound state of more fundamental constituents. At energies higher than the compositeness scale Λ, the EW scalar would dissolve into constituents of spin higher than zero, which can be immune to large quadratic corrections.
This second possibility, that interprets the Higgs boson as a composite object, is at the center of our attention in this work. The fact that we have tested the Higgs boson with energies comparable to its mass without revealing any obvious substructure, so that the binding energy must be comparable to its rest mass, suggests that the bound state arises from some underlying strong dynamics, as opposed to being a weakly bound state. The generic scenario of strong dynamics leading to a composite scalar field is, however, in tension with the observed properties of the Higgs boson. Indeed, one would generically expect that such a composite field would feature a broad decay width, and be accompanied by other, nearby resonances. However, the Higgs boson is observed to be narrow, and no other light states (e.g. vectorlike fermions or additional spin-1 fields) have been observed up to now at the LHC.
A class of scenarios that naturally reconciles strong coupling dynamics with the observed Higgs boson is the one postulating that the EW scalar doublet is actually the pseudo-Nambu-Goldstone boson (pNGB) of a global symmetry G spontaneously broken to a subgroup G at an energy scalef . A small explicit breaking of G would then be at the origin of the EW scalar potential, perhaps allowing for a dynamical understanding of EWSB itself. In this framework, a mass gap automatically splits the EW scalar from heavier resonances, and its couplings are naturally weak so that the Higgs boson has a narrow width. These scenarios are referred to as "pNGB composite Higgs" models (for a recent review, see [1] ). The magnitude off is bounded from below by LHC searches for e.g vectorlike fermions, as well as from deviation from the expected SM Higgs couplings. The magnitude of the compositeness scale Λ can also be bounded from below using Higgs coupling measurements.
Although composite Higgs models usually assume an underlying strongly-coupled dynamics, their UV completion has received relatively little attention. Instead, most of the literature focuses on the low-energy effective theory describing the Higgs boson properties below the compositeness scale. More precisely, the standard way to proceed is to work within the non-linear σ-model of the G/G coset. This effective description is fully appropriate at low energies, when the G vacuum remains unperturbed. In contrast, whenever the G vacuum can be excited, the corresponding degrees of freedom must be included in the σ-model. This implies that a particle with the quantum numbers of the vacuum, i.e. a new neutral, CP-even scalar is potentially present in the effective field theory. We shall refer to this scalar as the global Higgs throughout the rest of this paper, and denote it by φ. The mass m φ of the global Higgs should be smaller than the cutoff of the effective theory, but apart from that it is a free parameter.
In this paper, we will investigate the conditions under which the global Higgs can arise and what are its properties. The possible presence of a global Higgs in the composite Higgs framework seems rather intriguing, and to the best of our knowledge, has so far only been studied in Refs. [2, 3] . We will go beyond the simple models studied in [2, 3] by including couplings to spin-1 resonances, and also study more general fermion sectors as well as the possibility of embedding the global Higgs into non-minimal SO(5) representations. Moreover, we formulate the theory entirely in terms of the nonlinear variables, allowing for a more direct comparison to the usual literature on composite Higgs models.
In Section 2, we establish a broad picture of the global Higgs properties based on general arguments. Focusing on the SO(5)/SO(4) coset, we derive the bosonic couplings of the global Higgs in Sec. 3 . We then define a set of benchmark scenarios for the fermionic sector in Sec. 4 , and compute systematically the 1-loop effective couplings of the global Higgs to SM gauge bosons in Sec. 5. The renormalized couplings of the composite sector are computed in Sec. 6, and the decay widths and branching fractions are presented in Sec. 7. Section 8 contains our conclusions.
A Global Higgs-like Scalar in the Composite Higgs Paradigm
Composite Higgs models -where the EW symmetry is broken by the condensation of pseudo-NGB's arising from the spontaneous breaking of an approximate global symmetry at a higher scale -are typically studied in the low energy regime, below the scale of global symmetry breaking. As such, one needs only to parametrize the pNGB degrees of freedom, thereby implementing the global symmetry non-linearly. Presumably, such a low-energy description is obtained by integrating out heavy modes. These heavy states include the global Higgs, scalar radial modes that, together with the pNGB's, would enter in a complete G multiplet (denoted by Φ) and would allow a linear implementation of the full global symmetry (not just of the unbroken subgroup G ).
An interesting example is provided by the model considered in Ref. [4] . In that case, the breaking of the global symmetry is induced by 4-fermion interactions with a coefficient near criticality. Indeed, allowing for a mild tuning of this coefficient so that it lies slightly above a certain critical value, the symmetry breaking mechanism can be equivalently described by the condensation of a (composite) scalar in a complete G-representation, 1 such that there is a hierarchy between the symmetry breaking scale,f , and the cutoff Λ associated with the non-renormalizable 4-fermion interactions. The global Higgs typically has a mass m φ of the order of the symmetry breaking scale. Interestingly, some fermion resonances are expected to have masses of order m φ or somewhat below. 2 On the other hand, as explained in [4] , spin-1 resonances associated with the underlying strong dynamics are expected to be heavier, with masses of order Λ. 1 In the model studied in [4] , the G-symmetry was SO(5), and the scalar was in the fundamental of SO(5). After condensation, the symmetry is broken to G = SO(4), generating 4 (p)NGB's plus one real scalar, the global Higgs. In other non-minimal examples one can have both additional pNGB's, as well as additional massive scalar degrees of freedom. One such example is the breaking of SO(5) by the 14 representation, which in addition to the massive SO(4) singlet "radial" mode, has an additional massive symmetric tensor of SO(4) in its spectrum.
2 As in models of top condensation [5, 6] , there is a definite relation between the global Higgs mass and the dynamical mass of the fermions that bind together to form the global Higgs.
Thus, one can be in a situation where some of the fermionic resonances, in addition to the global Higgs, may be more readily accessible than other higher spin excitations. The collider phenomenology of such fermion states has been widely studied in the context of general composite Higgs scenarios [7] [8] [9] [10] [11] [12] [13] and beyond [14] [15] [16] [17] [18] . Here our focus is rather on the properties of the global Higgs.
We start by establishing a picture of the global Higgs properties in general terms, leaving a more concrete presentation to the following section. First of all, since the global Higgs is by definition an excitation of the G/G vacuum, it interacts with the pNGBs that parameterize this vacuum. Due to the approximate shift symmetry, such interactions involve covariant derivatives, and one expects tree-level couplings of the global Higgs to the pNGB's, i.e. to the SM Higgs boson and to the longitudinal components of the electroweak gauge bosons. The global Higgs could also in principle couple to the vector resonances of the strongly interacting sector. These couplings introduce another scale in the model, which we call f ρ , and will be discussed in the following section.
Importantly the global Higgs has couplings to the fermions in the spectrum and also, via loop effects, to pairs of gluons and photons. In order to discuss such effects it will be useful to summarize first the framework of partial compositeness [19] , which allows to elegantly accommodate the SM flavor structure within the composite Higgs paradigm. One assumes here the presence of an elementary sector, in addition to the composite sector giving rise to the Higgs and other resonances. The elementary sector contains three families of chiral fermions q, u, d, l, e, 3 and mimics exactly, in its SU (2) L × U (1) Y quantum numbers, the fermion field content of the SM. The composite sector, on the other hand, consists of vector-like states in complete G representations. Each SU (2) L multiplet in the elementary sector is associated with a composite G-multiplet Q, U , D, L, E, which itself contains some states with the corresponding SU (2) L × U (1) Y quantum numbers. This allows bilinear mixing between the elementary and composite sectors, thereby breaking explicitly the global symmetry G. 4 In this framework, the light mass eigenstates are identified with the SM fermions. They are accompanied by heavy vectorlike "partners".
The vectorlike masses of the composite fermion sector will be denoted by
The composite fermions also have interactions with the pNGB's, which will eventually give rise to the SM Yukawa couplings. One therefore often refers to the Yukawa interactions between the composite states as "proto-Yukawa" interactions. Having embedded the pNGBs into the G-multiplet Φ, proto-Yukawa interactions take the schematic form 5
where the O X (Φ) are appropriate functions of Φ such that the above terms are G invariant.
3 Generation indices are not shown. 4 Another source of explicit G-breaking is the gauging of SU (2)L × U (1)Y itself. 5 Note that we are being rather schematic since the precise contractions between the various fields depend on the G-representations they belong to. For our present purposes this will be sufficient (specific examples will be shown in the following section).
The elementary-composite mixing terms take the form
where the dot denotes an appropriate projection of the states in the G-multiplets with the correct SM quantum numbers. The physical SM states are linear combinations of the elementary and composite states with mixing angles controlled by the mixing masses ∆ q , . . . , ∆ e . Only through the bilinear mixing above do the lightest mass eigenstates acquire interactions with the pNGB's contained in Φ, thus leading to Yukawa terms as in the SM. 6 A scenario that has received much attention -commonly known as anarchy -assumes that the proto-Yukawa couplings ξ U,D,E are all of the same order (and of order one to a few). The observed hierarchies in the SM fermion spectrum then arise from hierarchies in the mixing angles above: the lightest fermions are mostly elementary and hence weakly coupled to the SM Higgs field (the pNGB states in Φ), while the heavy top has a sizeable component in the composite sector (i.e. the mixing angle is large). A second, perhaps less well-motivated, possibility is that the mixing angles are of the same order, and instead the SM fermion mass hierarchies arise from hierarchies in the proto-Yukawa couplings themselves. We will consider both possibilities.
Let us now turn to the couplings of the global Higgs to the fermion sector. First, since the global Higgs is contained in Φ, it couples to composite fermion pairs as dictated by the proto-Yukawa structures of Eq. (2.1). We can thus expect a coupling of the global Higgs to the heavy mass eigenstates, controlled by the SO(5) Yukawa couplings ξ U,D,E . The global Higgs can also couple to a SM fermion and one of its vectorlike partners. Such couplings require the mixing terms of Eq. (2.2). However, the proto-Yukawa interactions induce couplings between the global Higgs and SM fermion pairs only after EWSB. The reason is that the global Higgs is, by definition, a SM singlet and there are no fermion bilinear singlets in the SM. The induced couplings will be seen to be proportional to the SM fermion mass.
As already mentioned, there are loop-level induced interactions between the global Higgs and gluons or photons. Although suppressed, these can play a central role in the global Higgs phenomenology. These couplings are induced in complete analogy to the SM case, through loops of colored or charged states whose masses get a contribution from the breaking of the global symmetry. The importance of such effects depends on the size of the proto-Yukawa couplings and therefore on whether we assume an anarchic scenario or not. 7 The point is that the composite fermion masses can receive both symmetry breaking (∼ ξf ) and symmetry preserving contributions. As is well known, whenever the vector-like 6 The vectorlike masses, Yukawa couplings and mixing parameters need not be simultaneously diagonal in flavor space but, for simplicity, this is not reflected in our notation above. It is therefore important to analyze such enhancements in more detail. On the opposite extreme, i.e. the case where the mixing angles are all of order one but the proto-Yukawa couplings are hierarchical, one expects that only the resonances associated with the top sector will be important. The resonances associated with the lighter fermions will give contributions to the loop processes that are suppressed, much as those of the light fermions in the SM Higgs case. Hence, this limit provides a "minimum" contribution to the 1-loop amplitudes, and thus we will present it as one of the benchmarks in our study, regardless of how likely it is to be realized in nature.
In summary, the picture that emerges is that the physical excitation of the global symmetry breaking vacuum, the global Higgs, can be amongst the lightest states of a strongly-coupled UV completion of composite Higgs scenarios. It should couple to the Higgs and longitudinal electroweak gauge bosons at tree-level, and to the SM fermions proportionally to their masses. In addition, the global Higgs interacts at 1-loop with the SM gauge bosons via loops of the (possibly many) fermion resonances. This last feature is dependent on the realization of the fermion sector. The production of the global Higgs and its study may thus shed some light on the UV completion of composite Higgs models. In the next sections we explore in more detail the expected properties of the global Higgs in specific scenarios.
Bosonic Couplings
We turn now to the detailed properties of the global Higgs, starting with its dominant tree-level interactions to bosons, which are rather model independent. The fermion sector will be discussed subsequently. To be definite we will focus on the case where G = SO (5) and G = SO(4) = SU (2) L × SU (2) R . Here, weak isospin is identified with SU (2) L , while hypercharge is embedded as Y = T 3 R of SU (2) R . 8 In order to describe the vacuum fluctuations of the SO(5)/SO(4) sigma-model, the SO(5)/SO(4) NGBs need to be embedded into a SO(5) representation. We choose to embed them into the fundamental 5 of SO (5), 9 by defining a scalar Φ parametrized as
where U 5 is the SO(5)/SO(4) NGB matrix and H the remaining "radial" degree of freedom. The vev of H will be denoted byf e 5 , where e 5 denotes a unit vector in the radial direction. The fluctuation φ of H around its vev, given by
is the global Higgs.
Self-Couplings
Having introduced the SO(4) singlet degree of freedom H, a non-trivial potential V (H) is needed to stabilize it at the non-zero vev H =f = 0 that breaks the global symmetry down to SO(4). The potential for H is in principle arbitrary, the only requirements being
As the global Higgs self-interactions are irrelevant for low-energy phenomenology, it is enough to consider the expansion of V (H) up to quartic order,
With this parametrization, the λ parameter corresponds to the quartic coupling of the global Higgs, and the global Higgs mass is given by
Couplings to the Goldstone Bosons and Vector Resonances
Although we have argued above that the spin-1 resonances may be amongst the heaviest new physics states (and are therefore not the focus of this work), their presence can still leave an imprint in the properties of the global Higgs, which results in an additional free parameter f ρ . We therefore present the bosonic sector, that consists of H, the pNGB's in Φ (i.e. the SM Higgs doublet) and a complete spin-1 multiplet of SO(5) (in the adjoint 8 There is also a U (1)X factor, such that hypercharge is actually Y = T 3 R + X. Only fermions carry non-zero X charge, see Tab. 1. 9 We present in App. A the embedding into a symmetric traceless 14 of SO(5).
representation), in addition to the elementary gauge bosons that give rise to the SM gauge boson sector. Quite generically, the global Higgs couples to the pNGB states in Φ and to the various spin-1 states. These couplings follow from the bosonic Lagrangian (see, e.g. [20] ) 
In Ref. [4] it was shown that this Lagrangian can be obtained from a theory of 4-fermion interactions. As already pointed out there, L bos is in fact more general, as it is recognized to correspond to a 2-site model Lagrangian where the radial mode of the SO(5) → SO (4) breaking of the second site is included. Therefore, the couplings of φ should be fairly general and applicable to a wide class of UV completions of models considered in the literature. Notice that when f ρ → ∞, which sets
A , one can rewrite the theory as a linear sigma model in terms of the fiveplet Φ = U 5 H. For finite f ρ , the couplings of H to the pNGB's deviate from those of the linear sigma model due to the mixing with the coset spin-1 resonances. In order to diagonalize this mixing, we focus on the terms quadratic in the pNGB's hâ and the coset resonances Aâ. We get
To disentangle the Goldstones and the vector bosons, define the shifted field B µ and choose f according to
which eliminates the cross term D µ hâAâ µ and renders the pNGB kinetic term canonical:
The last term contains all the interactions. In particular one has the following interaction linear in φ:
with
T is the SM Higgs doublet. We therefore identify the induced coefficient for this dimension-5 interaction as f
Here we have identified the mass of the spin-1 SO (4) 
For finite f ρ , however, the scale suppressing the interaction in Eq. (3.10) can differ by order one from both the naive decay constantf which appears in other interactions (see the next section), as well as from the Higgs decay constant, f , which controls the couplings of the pNGB Higgs. As we can see, f H sets the coupling of a single global Higgs to both a pair of SM Higgses, as well as to pairs of W's and Z's through their longitudinal polarizations, i.e., couplings of the form
One notices that couplings of the global Higgs to transversely polarized SM gauge bosons are absent at this level (they are suppressed by a loop factor or, after including EWSB effects, by O(v 2 /f 2 H )). However, they are crucial for phenomenological studies and will be addressed later.
Fermionic Couplings
The couplings of the global Higgs to the fermions in the theory are more model dependent. First, one should notice that in the previous section we considered the simplest possibility where there exists a single global Higgs that, together with the four pNGB's that constitute the SM Higgs doublet, falls into a 5 of SO(5). It may be possible, however, that the pNGB's arise from larger SO(5) representations. Connected to this, there is significant model-building freedom to choose the G-multiplets for the fermionic resonances, the only constraint being that they contain a subset of states with the appropriate SM quantum numbers to allow mixing and the implementation of the partial compositeness paradigm.
We will therefore be content with describing some illustrative possibilities and settle on a few representative benchmark scenarios, that could be used for further phenomenological studies. In order to set up the framework, we will start by focusing on a simple top sector. We will then comment on possible variations and on the corresponding constructions necessary for the lighter generations (more precisely, the differences between the up-quark, down-quark and lepton sectors).
A Simple Top Sector
We are interested in the coupling of φ to fermion pairs which arises from the SO(5) symmetric Yukawa couplings, as in Eq. (2.1). We will first consider a minimal top-sector, consisting of vector-like top-partners F and S, which transform in the 5 2 3 and 1 2 3 of the SO(5) × U (1) X group respectively. In addition, we include two elementary fields q el L and t el R with the usual SM quantum numbers. The SO(5) Higgs, Φ, will be assumed to transform in the fundamental of SO (5), as in the previous subsection. We can therefore write the Yukawa coupling [4] 
where Φ = U 5 (f + φ) e 5 . One can immediately verify that the SO(4) four-plet arising from F does not acquire Yukawa couplings to φ before EWSB. We can therefore focus on the SU (2) L singlet sector which consists of two left-handed fields, F 5 L , S L as well as three right-handed fields F 5 R , S R , t el R . Under the SM, these fields are SU (2) singlets with hypercharge 2 3 , i.e. they transform like the right handed top quark. There will thus be in general one mixing angle in the left-handed sector and three in the right-handed one. We will simplify the discussion by decoupling one vectorlike state [for instance
, so that one is left with only one mixing angle s t R = sin α t R , that rotates the remaining two right-handed fields to the mass eigenbasis T R , t R . The Lagrangian of the hypercharge 2 3 top states then reads
with m T = ξ tf /c t R and t R denotes the physical right-handed top quark. Note that neglecting electroweak breaking, the physical top-quark does not possess Yukawa coupling to φ, only a "mixed" one involving also the heavy top resonance. After electroweak symmetry breaking, the physical top quark acquires also a Yukawa coupling to φ, which is universally given by
In the following we will neglect EWSB effects, since they are a small perturbation for the physics atf .
Other Embeddings and Light Quarks
The above choice of top partners is by no means unique. There exist many choices for the representations of the top (and other fermion) partners. As already stated, the paradigm of partial compositeness simply requires that all SM fermions appear in these representations at least once (such that mixing with the elementary states can take place), and that at least one of each kind appear in the SO(5)-invariant Yukawa couplings. The typical representations considered in the literature (see, e.g. [12] ) are the 1, 5, 10 or 14 of SO(5). They will be denoted by S, F , A, B respectively. Their decompositions are detailed in Table 1 . Instead of working out in detail other possible top sectors, we will move on to describe various possibilities that can also be applied to the composite states that partner with the light SM fermions. We start by noticing that not all combinations of fermion partners allow for simple renormalizable Yukawa couplings with the SO(5) breaking field in the fundamental. For instance, choosing two quark partners F and F , one either needs to resort to a SO(5) breaking field in the 14, or to nonrenormalizable Yukawa couplings:
In the case that the pNGB's arise from a 14, we define the global Higgs as the mode in the SO(4) singlet direction Table 1 are the 1, 4, 6, and 9 and are assumed to be canonically normalized. We denote them by s, f , a and b, respectively. The SO(5) symmetric proto-Yukawa couplings induce Yukawa interactions with the global Higgs, e.g.
We denote these weight factors by w i , such that the SO(4) representation labeled by i couples to the global Higgs with Yukawa coupling
The various possible SO(5) and SO(4) symmetric Yukawa couplings for the above representations and the respective factors w i are summarized in Tables 2 and 3 (see App. B for further details). We see, in particular, that the number of fermion states that couple to the global Higgs depends very much on the assumed representation of both the scalar and the fermions. We will assume all masses and couplings in the fermionic Lagrangian to be real for definiteness. 10 Notice that we can write two independent Yukawas of the type ΦQU and ΦQγ 5 U . We find it more convenient to switch to the two operators ΦQP R U and ΦQP L U , whose coefficients we will generally denote by ξ and ξ respectively. 10 In realistic scenarios the phases are constrained by CP violation. Constructing a fully realistic flavor sector is not the goal of this work.
proto-YukawaF ΦS F A ΦF B ΦF ΨF S tr ΨB trĀΨA trBΨB trBΨA Table 2 . The SO(4) multiplets that couple to the global Higgs, for various choices of the dimension-4 proto-Yukawa interactions (as specified in the first row). The entries give the weight factors w i as defined in Eq.(4.6). We use the notation S ↔ 1, F ↔ 5, A ↔ 10 and B ↔ 14 to indicate the various fermionic SO(5) representations considered, as well as s ↔ 1, f ↔ 4, a ↔ 6 and b ↔ 9 for the SO(4) representations. Φ is understood as a fiveplet of SO (5), while the matrix Ψ is to be interpreted as the 14 representation of SO (5). For the lighter up-type quarks one can mimic the construction described in more detail for the top quark sector in Subsection 4.1, which falls in the "F ΦS" category of Table 2 . Alternatively, one can use the less minimal variant that replaces the partner of the (t L , b L ) doublet, in order to be able to write down theF ΨF category of Table 2 for the bottom sector. This would be in addition to the composite 5 2 3 associated with the top sector, which is also a composite partner of the (t L , b L ) doublet. Thus, the choice of a composite 5 − of SO(5) × U (1) X one can write a dim-4 proto-Yukawa interaction using the global Higgs arising from a 5 (denoted by Φ before), and without enlarging the top sector. We will therefore take this second case, replicated for all the down-type quarks as a reference example.
Benchmark Models
We now define a set of benchmark scenarios in order to illustrate the typical embeddings of the global Higgs in composite Higgs models. In a forthcoming publication, a collider analysis will be carried out for these scenarios [21] .
Quark Benchmarks: The first two models require the global Higgs to be embedded in the 5 representation, while for the third one we chose the 14. The last model uses the "trBΨB" proto-Yukawa structure for the up sector, and the "trBΨA" proto-Yukawa structure for the down sector, following the notation of Table 2 . These three benchmark models are understood to be characterized by order one proto-Yukawa couplings (we will be more precise in Sec. 6) and hierarchical mixing angles (see the discussion after Eqs. (2.1) and (2.2) in Section 2). As already mentioned in Section 2 we will also consider the scenario with hierarchical Yukawas and order one mixing angles, as a "most minimal" example where the global Higgs properties are only sensitive to the top sector:
). The representations of the composite partners for the SM fermions other than q L = (t L , b L ) and t R need not be specified in this case since they play a negligible role. The global Higgs is in a 5 0 .
Lepton Benchmarks:
The lepton sector can potentially play a role in the coupling of the global Higgs to two photons, and as for the case of quarks vis-à-vis the two-gluons amplitude, they can introduce additional model-dependence. We therefore fix two benchmark scenarios in the leptonic sector, that apply for each of the four quark sector scenarios defined above:
• A leptonic anarchic scenario with (L i , E i ) = (5 −1 , 1 −1 ), which falls in the "F ΦS" category of Table 2 .
• A non-anarchic scenario analogous to the MCHM 5,1 above, where all the composite lepton proto-Yukawa couplings are small, and therefore the heavy leptonic states have a minimal impact on the phenomenology of the global Higgs. In this case, the representations of the composite partners of the SM leptons need not be specified.
As we will see, this will illustrate that the impact of the leptonic sector can be relatively minor. Notice also that here we will remain agnostic about the composite states related to the neutrino sector, and assume, conservatively, that they do not contribute.
Effective One-loop Couplings to the SM Gauge Bosons
As mentioned before, the global Higgs couplings to massless gauge bosons such as the gluon and the photon as well as the couplings to the transverse polarizations of the electroweak gauge bosons are induced by one-loop processes which are sensitive to the details of the particles running in the loop. These couplings are very important for phenomenological studies and in this section we estimate them in the different benchmark models defined in the previous section.
The effective one-loop coupling of the global Higgs to a gluon pair proceeds in complete analogy to the SM calculation. The result can be encoded into the dimension-5 effective term
where
and the sum runs over all the quark states of mass M i that couple to the global Higgs φ with Yukawa strength
is the standard loop function, which is given in Appendix C. It saturates to 4/3 in the limit that the fermion is heavy compared to m φ , and vanishes in the opposite limit. The coupling of the global Higgs to the EW gauge bosons is similarly given by
where we can write N φW W = N φγγ − N φBB with 5) and N c = 3 (1) is the number of colors for quarks (leptons). One then gets the couplings to γγ, ZZ, γZ and W + W − : 6) where
11 For simplicity, and because it is a good approximation, we will neglect EWSB effects.
The first term in Eq. (5.4) corresponds to the charged pair of SO(5)/SO(4) gauge bosons that receive a contribution m 2 a − m 2 ρ to their mass from the breaking atf . The wellknown loop function A 1 (τ ) (see Appendix C) reaches the asymptotic value −7 when the spin-1 resonance is much heavier than the global Higgs. Notice that the spin-1 contribution is completely parallel to the one from the charged W 's in the SM Higgs case, with the pair of heavy charged vector fields playing the role of the SM W ± . Here, however, we expect to be much closer to the saturation limit of the loop function, since the spin-1 resonances are taken to be heavy (see the discussion in Section 2). The second term in Eq. (5.4), as well as Eq. (5.5), includes the contribution from all the fermions that couple to the global Higgs, including quark and lepton fields.
In order to estimate the multiplicity factors N φXX with X = g, γ, B for each of the benchmark scenarios defined in the previous subsection, we assume that the fermions have a common vector-like mass,
If the vectorlike mass dominates over the global symmetry breaking effects, and assuming also small mixing with the elementary sector, the fermions are approximately degenerate in mass with M i ∼ M ψ . 12 We can then factor out a common loop function A 1 2 (m 2 φ /4M 2 ψ ) and compute the sum as 13
where the remaining traces are over the 3 generations, and theN U,D φgg are the sums over the SO(4) multiplicities N i , weighted by the factors w 2 i , where the w i are given in Table 2 . TheN U,D φgg are summarized in Table 4 . Analogously, we can obtain Table 1 for each benchmark model. It should be noted that the tensor couplings of the electroweak gauge bosons are expected to compete with the longitudinal couplings (arising from the operator O H at tree level) only for large Yukawa couplings and multiplicities. Moreover, we point out that the tree and 12 As we will detail in the accompanying work [21] , our analytic expressions for the loop processes can be quite effectively used even when these assumptions are not fulfilled, by using Eq. (5.8) to define an effective mass scale M ψ (provided it does not vanish; see next footnote). The φγγ and φBB processes can similarly be used to define effective scales via Eq. (5.9) and the analogous equation with hypercharge weighting. However, in the bulk of the parameter space of each model, the three scales are quite similar and, therefore, to a good approximation, one can reduce the model dependence to a single parameter, that one can characterize as "the scale of spin-1/2 resonances". 13 Note that for this result to be non-vanishing both ξ and ξ must be non-zero. We recall that in the presence of the "wrong-chirality" structure with coefficient ξ , the SM Higgs potential may acquire a log sensitivity to the compositeness scale Λ. This mild dependence is not necessarily a problem. If one has a situation with a vanishing ξ , the sum in Eq. (5.8) is proportional to the elementary-composite mixing, which we have ignored in the derivation. loop level couplings have a different scaling withf or equivalently, for fixed Global Higgs mass, with the quartic coupling λ. The typical size of the Yukawa and quartic interactions will be estimated in the next section. One may wonder if higher order (finite effects) could give large corrections to the 1-loop results, given the large multiplicities involved. One can see, however, that the higher order corrections involving additional heavy fermion loops enter only at 3-loop order and would not be expected to give a large effect. Rather, we expect the higher-order corrections to be dominated by QCD, very much as in the SM. While a more precise treatment would include the QCD K-factors, to be on the conservative side, we will not include any such corrections. One should, however, keep in mind that they will give an additional enhancement to the rates involving two gluons or two photons.
Running Couplings in the Composite Sector
In the presence of large SO(5) matter representations such as 10 and 14 (in particular when repeated for all 3 generations) the RG running of the Yukawa couplings and of the global Higgs quartic coupling λ from the compositeness scale Λ down to the global Higgs mass scale m φ has to be taken into account. We will see below that the beta function of the Yukawa couplings is always positive because of loops of the global Higgs. This implies that the Yukawa couplings develop a Landau pole at relatively low energies, and thus that the strong dynamics develops at a scale Λ not far above the global Higgs mass. We shall identify this strong coupling scale with the compositeness scale. Below the strong coupling scale, couplings are expected to quickly decrease, so that the composite states can be described as well-defined propagating states. 14 14 We must notice that the masses of vector resonances may in principle be higher than Λ, which means they cannot be described consistently by the theory. However, the imprint of these resonances on the global Higgs properties is only characterized by rv = f /f , and thus does not depend on the resonance masses. The kinetic terms of the vector resonances can be consistently sent to zero by taking gρ → ∞. In this limit the linear sigma model with gauge fields is strictly equivalent to a non-linear sigma model [20] , in which no physical particle is present above Λ. 2.3 3.9 1.11 We work at leading order in large multiplicities, and at 1-loop order. It turns out that the running of the Yukawa couplings is dominated by the wave-function renormalization of the global Higgs, and hence can be expressed in terms of 15 1) where N U and N D are the multiplicities of the SO (4) representations, weighted by the group-theoretical factors, and hence they coincide with the quantities encountered in the loop expressions for the φgg coupling
which for our various scenarios were given in Table 4 . The RG equation for ξ eff reads
3)
The term above arises from the global Higgs wavefunction renormalization, when neglecting subdominant (i.e. not enhanced by multiplicities) terms coming from vertex and fermion wavefunction renormalization. 16 Similarly, we have neglected the effects of gauge couplings which would also induce a differential running between the different ξ i . It is also worth noting that, at 1-loop order, λ does not enter into the RG equation for ξ eff . We now assume that ξ eff reaches a value of order 4π at the compositeness scale Λ ≈ 3m φ . This hierarchy is somewhat arbitrarily chosen to indicate a gap between m φ and Λ without taking it so large that an extreme tuning would be involved. With this boundary condition, we find that at the scale m φ , the coupling ξ eff is
To continue further, we make the additional assumption that all the relevant Yukawa couplings are similar. Setting them equal (ξ = ξ U,D = ξ U,D ) we find at the scale m φ the values reported in the third column of Table 5 . The number in parenthesis corresponds to taking Λ ≈ 10m φ , and is included only for comparison. Under our simplifying assumptions, these are the relevant couplings when computing finite effects, such as the loop induced couplings which are dominated by momenta of order m φ . 17 We now turn to the quartic interaction of the global Higgs. In order to estimate values for λ at µ = m φ , we consider its 1-loop RGE, assuming our estimates for ξ in Table 5 . The 1-loop RG equation of the quartic is given by 18 5) where the value of is suppressed by the multiplicities and is reported in Table 5 . We can see there are actually two distinct possibilities: if λ is sufficiently small, it is driven to a negative value at Λ as a result of the renormalization by the Yukawa interactions. Above a certain threshold, it is driven instead to a Landau pole at Λ. This is similar to the well-known situation for the Higgs quartic coupling in the SM. These two limit cases can be taken to define an upper and a lower bound for the value of λ at µ = m φ . Below we denote these extreme values by λ min and λ max . We find that for Λ = 3m φ , the quartic coupling is driven negative when λ ≈ 0.24 at µ = m φ in the MCHM 5,1,10 . For the MCHM 5,1 this value is 2.3. It is larger because multiplicities are smaller in this scenario. On the opposite end, the maximum value of the quartic at µ = Λ is given by naive dimensional analysis and is λ = (4π) 2 /3!, where ξ eff ≡ √ N ξ ∼ 4π and N ≡ i 4N c N i . 19 From these values at the strong coupling scale one obtains λ(µ = m φ ) = λ max ≈ 2.6 for the MCHM 5,1,10 . For the MCHM 5,1 , taking into account subleading corrections, one has that λ(µ = m φ ) = λ max ≈ 3.9. Thus, the values of λ are in a even narrower range in that case. The ranges for λ are summarized in Table 5 .
In connection to this, we point out that the ratio λ/ξ 2 displays a (quasi) IR fixed point which is also shown in Table 5 , as discussed in [4] . 20 While for the MCHM 5,1 the IR fixed point is approached sufficiently fast, for the other models the running over three e-folds is not sufficient to come close to the fixed point. As a result, we must accept an intrinsic degree of uncertainty in the coupling λ at µ = m φ in the large multiplicity models, due to the underlying strong dynamics. Based on the above considerations we will allow λ to take values in the range [ξ 2 , λ max ], where ξ 2 (which is somewhat above λ min ) and λ max can be read from Table 5 . 21 In most of this range, λ is driven to its strong coupling (NDA) value near Λ = 3m φ . Only in the vicinity of the lower limit can λ stay perturbative when µ ∼ Λ. 17 We note that reproducing the top quark mass may require taking a slightly larger ξt. Since other couplings may be slightly smaller, we regard our numerical estimates as representing an average that characterizes the overall combined effect of the multiplicity of states.
18 For MCHM14,14,10, we would have to consider the simultaneous running of two quartic couplings (see App. A). 19 The 3! is the combinatorial factor that we did not factor out in our definition of the quartic coupling in Eq. (3.3) . 20 These fixed point values can decrease somewhat after including the effects of the gauge interactions. 21 Comparing the MCHM5,1,10 and MCHM5,14,10 the slightly different lower limits in the range for λ are Notice also that the quartic coupling at µ = m φ is always well below its strong coupling value, as estimated by NDA. These estimates of the couplings in the composite sector at the global Higgs mass scale allows for more precise predictions of the global Higgs properties. In particular, they allow one to estimate the one-loop effective couplings in a given scenario, and to tie the global Higgs mass to the SO(5) breaking scalef .
Decays
The decay width of the global Higgs into SM fermions is universally given by 1) and is dominated by the top quark. The partial widths into Goldstone bosons are given by
where we neglect EWSB effects. These are the dominant decay modes. The one-loop decays into SM gauge bosons via loops of vector-like fermions and SO(5)/SO(4) composite vector bosons are given by
The total width for loop-induced decays into transverse electroweak bosons can be written as
Mixed decays into one SM fermion and one of its partners may also be possible. The most important channels are typically the ones involving the right handed top, and to a lesser extend the left handed top-bottom doublet, provided the corresponding partners are not too heavy. Denoting the mixing angles by s R and s L respectively, one finds 22
7)
roughly consistent with the slightly different fixed point values. For the MCHM5,1, on the other hand, the uncertainty in λ is narrower than the assumed range, since the IR fixed point is approached more quickly. 22 Note that the mixed Yukawa interaction is L = −sRξU,1φQLtR+h.c. The vectorlike masses split into cRM ψ (the U state) and M ψ (the Q state). For large mixing, Q and U are approximate mass eigenstates, and the decay proceeds to t and t = Q. If the mixing is smaller, the mass eigenstates become approximately degenerate again and are roughly equal mixtures of Q and U . The interaction is thus between QL = (t + t )/ √ 2 and tR, and the decay proceeds to two states t and t . The net effect is the same. Table 5 for the different models. The minimum m φ is determined byf ≥ f .
where we have neglected EWSB effects (in particular we neglect the top and bottom squared masses against those of t , q and φ), and we have defined γ ψ = 1 − Table 2 and 3 .
If the fermion resonances are sufficiently light, it is possible for the global Higgs to decay into a heavy fermion pair. We will give the corresponding partial widths in a simplified limit in Subsection 7.2.
Case I: Closed Decay Channels into Fermion Resonances
We assume first that the decays of the global Higgs into SM fermion partners are kinematically forbidden, e.g. M i > m φ . This assumption also has implications for the loop decays, which are controlled by the relative contribution to the fermion masses from global symmetry breaking versus symmetry preserving effects, as described in Sec. 5. This relative importance is characterized by (ξf ) 2 /M 2 ψ = (ξ 2 /2λ)(m φ /M ψ ) 2 ξ 2 /2λ, which can be seen to be at most of order one in the lower end of the range for λ (see Table 5 ), hence the approximate formulas Eqs. (5.8), (5.9) are valid. In most of the considered range for λ, the (ξf ) 2 /M 2 ψ factor will in fact induce an important suppression for such decays, in addition to the 1-loop suppression. For illustration, we will use M ψ = m φ in Eqs. (5.8) and (5.9), and take the value A 1/2 (1/4) ≈ 1.42 for the fermion loop function (slightly above the asymptotic value of 4/3).
We then have a rather predictive case, since the dominant features depend on only three parameters, that can be taken as the global Higgs mass m φ , the quartic coupling λ, and the Higgs decay constant f . The latter controls the deviations of the pNGB Higgs properties from the SM limit, and can be constrained by Higgs measurements, which as illustrated in [12] , can be fairly model-dependent. For concreteness, we will take f = 800 GeV, which should allow to satisfy comfortably the current Higgs constraints for a wide choice of parameters in the fermionic sector. In addition, such a choice also allows for generic consistency with EW precision measurements (see, for example, [22] ). A more detailed study of Higgs and EW precision constraints is beyond the scope of this work, and is not 
The green line is tt. The red line is gg and orange lines correspond to
expected to change our conclusions. Thus, fixing f allows us to focus on the properties of the global Higgs, as controlled by the two remaining parameters, m φ and λ, which barely affect the SM Higgs phenomenology. 23 Note that Eqs. (3.4) and (3.11) imply that m φ ≥ √ 2λf , so that for a given value of λ one obtains a minimum global Higgs mass. One could also be worried about potential direct lower limits on m φ . Adapting the ATLAS heavy Higgs search of Ref. [23] , we obtain that the global Higgs must be roughly heavier than about 750 GeV [21] . An interesting feature of the global Higgs couplings to transverse electroweak gauge bosons is that they are dominated by the loops of the spin-1 (coset) resonances for large values of λ. In this case these couplings are mainly controlled by the r v parameter (the spin-1 amplitude scales as 1 − r v , as can be seen from Eq. (5.4) ), up to small corrections from the fermion loops, and thus depend only mildly on the fermion sector. On the other hand the EW couplings at small λ, as well as the gluon coupling, are fully dependent on the sector of fermion resonances.
The total width of the global Higgs is dominated by the decays into the SO(5)/SO(4) Goldstone bosons and into pairs of top quarks. These contributions do not depend on the details of the fermion sector, so that one has in general
to a very good approximation. The total widths are shown in Fig. 1 . We use the relation m 2 φ /f 2 = 2λ, together with the estimates of λ derived in Sec. 6. It turns out that the total width ranges from Γ φ /m φ = O(10 −3 ) to O(0.1). The global Higgs is thus always narrow enough so that the "narrow width approximation" applies.
We also show in Fig. 2 the branching fractions for our benchmark scenarios, displayed as a function of m φ . We do this for the two extreme estimates of the global Higgs quartic coupling λ = ξ 2 and λ = λ max , as determined in Sec. 6. We observe that Γ φ→γγ is smaller than Γ φ→W + W − and Γ φ→ZZ by several orders of magnitude at m φ = 750 GeV. Due to the LHC13 bounds on the diboson ZZ, W W channels from ATLAS [24] and CMS [25] , the possibility of interpreting the 750 GeV diphoton excess [26, 27] as originating from the resonant production of a narrow global Higgs with m φ = 750 GeV is excluded. It turns out that the branching fractions into two gluons, two photons, and into the transverse components of the weak gauge bosons become more important for a heavier global Higgs (see Fig. 2 ). Such enhancement of the couplings to transverse gauge bosons is potentially interesting for production of the global Higgs at the LHC and will be explored in more detail in the accompanying Ref. [21] .
Case II: Open Decay Channels into Fermion Resonances
Clearly, when decays into fermionic resonances (or mixed decays into a SM fermion and one of its partners) are kinematically open, the branching fractions are sensitive to the details of the new fermionic sector. For illustration, we consider the case where all the fermion resonances are light compared to the global Higgs. In this case, all possible twobody decay channels are open. Neglecting the small M 2 ψ /m 2 φ terms, i.e. taking all γ ψ = 1 in Eq. (7.7), and assuming universal SO(5) proto-Yukawa couplings ξ = ξ U,D = ξ U,D , the fermion mixing angles appearing in Eq. (7.7) simplify. The decays into heavy fermion pairs then contribute to the total width as 12) where ξ (at µ = m φ ) has been estimated in Sec. 6 for each benchmark scenario. We conclude that when several fermionic decays are open, the global Higgs is in general a broad resonance, unless all such decays occur very near threshold and there is a further kinematic suppression.
Conclusions
We investigated the properties of the physical excitations of the global symmetry breaking vacuum in composite Higgs models. Such a global Higgs is expected to interact with the SM Higgs and electroweak gauge bosons, with the SM fermions proportionally to their mass, and with the heavy fermion and vector resonances of the theory. An effective coupling to photons, gluons and transverse electroweak gauge bosons via loops of the resonances is also expected. We studied in detail the minimal SO(5)/SO(4) case through a general 2-sites model Lagrangian, and found that the dominant interactions of the global Higgs with the SM particles are controlled by two real-valued parameters and by a few group theoretical factors. The couplings of the global Higgs to the SM fermions depend on the global Higgs decay constantf and on whether the proto-Yukawa structure is linear or bilinear in Φ, the SO(5) multiplet containing the global Higgs. The couplings of the global Higgs to the pNGBs depend onf , on the usual NGB decay constant f , and on the global symmetry group. In a large region of parameter space, the dominant decay modes of the global Higgs are the tree-level decays to the SM Higgs, electroweak gauge bosons, and top quark.
The global Higgs also couples to the (possibly many) fermion resonances that partner with the SM fermions. We analyzed various typical realizations of the SO(5) fermionic sector, with a global Higgs arising either from the 5 or 14 of SO(5). We computed the beta functions of the composite sector, i.e. the global Higgs quartic and the SO(5) Yukawa couplings. Evolving these couplings from the strong coupling scale down to the global Higgs mass scale provides a consistent picture of the composite sector, necessary for the analysis of the global Higgs properties.
Loops of fermion and vector resonances of the coset induce an effective coupling of the global Higgs to SM gauge bosons. This is similar to the case of the Higgs-photon coupling induced by top quark and W loops, except that for the global Higgs the fermion multiplicity can be much larger, enhancing the loop amplitude accordingly. We derived compact formulas for these effective couplings in each realization of the fermion sector in the benchmark models considered.
When several heavy fermion channels are open, the global Higgs is in general a broad resonance. On the other hand, when the decay of the global Higgs into fermion resonances is kinematically suppressed or forbidden, its decay width ranges from Γ tot /m φ ∼ 10 −3 to ∼ 0.1, depending on the global Higgs mass and quartic coupling. The global Higgs can thus behave either as a narrow or a broad resonance. In this latter more predictive case, we provided the branching fractions of the global Higgs for each benchmark model.
Although the present study is mostly theoretical, it turns out that the properties of the global Higgs are such that it could in principle be detected at a collider like the LHC. That is, the theoretical aspects of composite Higgs models we explored here may turn into a new way of searching for Higgs compositeness at the LHC. A detailed study of the collider implications of a global Higgs is presented in Ref [21] . As a motivation, we simply observe that the coupling of the global Higgs to gluons, induced by the many fermion resonances of the theory, may be sizeable enough to allow for the production of the global Higgs by gluon fusion at the LHC with 300 fb −1 integrated luminosity. We will assume that λ is sufficiently large so as to decouple the nonet near the cutoff. 
B Yukawa Structures
In this appendix we setup the conventions necessary to derive the individual Yukawa couplings, in particular the weights in Tables 2 and 3 where the e's are unit vectors, and the α's (β's) are antisymmetric (symmetric traceless) orthogonal matrices that are normalized as tr α 2 = 1 and tr β 2 = 1. Here we only need the explicit forms of:
With these conventions, kinetic terms are canonically normalized when written as traces. The SO(5) Yukawa couplings are normalized as
3) The SO(4) Yukawas are normalized as L = −ξ φ b k P R b k +ā j P R a j +f i P R f i +s P R s + h.c.
(B.4)
By comparison, one obtains the weights given in Table 2 and 3.
C Loop Functions
For completeness, we collect here the well-known loop functions (see [28] , for example) that appear at 1-loop order when considering the couplings of a scalar to gauge bosons via heavy fermion or spin-1 loops: In the limit that τ → 0, A 1/2 (τ ) → 4/3 and A 1 (τ ) → −7.
